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Vesicular trafﬁc between organelles has been extensively studied
over many decades, but there has been a recent explosion of interest
in the role ofmembrane contact sites (MCSs) in non-vesicular transport.
MCSs are regions of closemembrane apposition (b30 nm) between two
organelles that are stabilized by tethering complexes. These microdo-
mains of interactions “tether” apposing membranes, maintaining their
close proximity withoutmembrane fusion. Membrane fusion was how-
ever, in one study, reported to occur at MCSs between the ER and the
plasma membrane, mediating phagocytosis [23], but this ﬁnding has
been strongly contested [34]. Moreover, non-fusogenic interaction at
MCSs was recently demonstrated between an ER-localized soluble NSF
attachment protein (SNAP) receptor (SNARE), Sec22b, and Syntaxin1
on the plasma membrane [46], that promotes plasma membrane ex-
pansion without membrane fusion. The transfer of ER-derived lipid
across MCSs to enable plasma membrane expansion could explain
these ﬁndings and consistentwith this, Sec22was also found to interact
with lipid transport proteins in yeast.
The signiﬁcance of MCSs in critical intracellular processes is contin-
ually unfolding as roles in cell survival, lipid exchange, organelle dy-
namics and autophagosome formation emerge (reviewed in [16,24,
49]). The ER forms a dynamic network of MCSs with a diverse range of
functionally distinct organelles. The ER is also the main Ca2+ store in
the cell and Ca2+ signaling mediated by the ER is integral to a wide va-
riety of cellular processes [59]. It is becoming increasingly evident that
contact sites between the ER and multiple organelles can contribute toopean Symposium on Calcium.the regulation of inter-organellar calcium exchange with wide-ranging
potential consequences [4,5,14,43,49].
Studies in yeast systems have informed much of our knowledge to
date about the formation and functions of MCSs. The content of this re-
view, however, is conﬁned to Ca2+ signaling at MCSs in mammalian
cells. Our current understanding of the relationship between MCSs
and Ca2+ signaling at contacts between the ER and three important
sites of Ca2+ exchange: the plasma membrane, mitochondria and the
endocytic pathway, is discussed. Furthermore, we examine the chal-
lenges faced by researchers of MCS biology and the potential of contin-
ually developing light and electronmicroscopy techniques as tools with
which to advance the ﬁeld.2. ER-plasma membrane contact sites
MCSs between the ER and the plasmamembrane are relatively well
studied, informing our current appreciation of their importance in Ca2+
signaling and homeostasis. In muscle cells, the sarcoplasmic reticulum
(SR) forms MCSs with plasma membrane T-tubules. These contacts
are tethered by junctophilins and play a crucial role in excitation–
contraction coupling [30]. SR-plasma membrane MCSs provide sites of
interaction for dihydropyridine receptor (DHPR) channels on T-tubules
with ryanodine receptors (RyRs) on the SR. In cardiac muscle, upon exci-
tation, cytosolic Ca2+ is rapidly increased by coordinated DHPR and RyR
channel opening that couples Ca2+ inﬂux from the extracellular space
with release from SR stores, in a process of Ca2+ induced Ca2+ release
(CICR). In skeletal muscle, a voltage-dependent conformational change
in DHPR causes opening of RyRs through Ca2+-independent mechanical
coupling of DHPRs with the cytoplasmic domain of the RyRs at MCSs, in
a process termed voltage-initiated Ca2+ release (VICR) [3,51].
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by store operated Ca2+ entry (SOCE). The tethering components of ER-
plasma membrane MCSs in non-excitable cells discussed below are
summarized in Fig. 1. ER Ca2+ store depletion is sensed by the stromal
interaction molecule STIM1 which undergoes a conformational change,
repositioning from tubular structures throughout the ER to ER-plasma
membrane MCSs [37,55]. Here, it interacts with and activates Orai, the
pore-forming component of the Ca2+-release-activated Ca2+ (CRAC)
channel, triggering channel opening and Ca2+ inﬂux [42,64]. SOCE
was recently found to bedependent onα-SNAP,whichdirectly interacts
with both STIM1 and Orai1, orchestrating optimal ratios of these two
proteins for SOCE activation [34]. Close apposition of the ER with the
plasmamembrane enabled restoration of ER Ca2+ levels without signif-
icant increase in cytosolic Ca2+ [26]. The sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) pump responsible for Ca2+ uptake into the ER
is enriched at ER MCSs with the plasma membrane, providing a direct
pathway for SOCE to the lumen of the ER. The transient receptor poten-
tial canonical (TRPC) channels can also contribute to SOCE and TRPC1
has been found to cluster with STIM1 and Orai at ER-plasmamembrane
MCSs [65].
That STIM1 is recruited to and extends ER-plasma membrane MCSs
that are pre-existing [39], suggests the existence of additional tethers
that can promote the formation of these MCSs prior to recruitment of
STIM1. This was conﬁrmed by the ﬁnding that extended synaptotagmins
(E-Syts) on the ER regulate ER-plasma membrane MCSs in a phos-
phatidylinositol 4,5-bisphosphate (PI(4,5)P2) and cytosolic Ca2+-
dependent manner [6,21]. This is achieved through multiple C2 domains
in the cytosolic domain of E-Syts. These widely occurring domains, that
commonly bind Ca2+ and phospholipids [35], were found to mediate
Ca2+-dependent PI(4,5)P2 binding and to regulate ER-plasmamembrane
tethering. The E-Syts also contain a synaptotagmin-like mitochondrial–
lipid binding protein (SMP)domain, proposed to function in lipid binding.
Recent structural and mass spectrometry ﬁndings demonstrating the
presence of glycerophospholipids in the E-Syt2 SMP channel indicate a
role for E-Syts in lipid transport at MCSs between the ER and the plasmaFig. 1. Interactions at ERMCSs with roles in Ca2+ exchange. ERMCSs with the plasmamembrane,
cated in tethering these MCSs are shown, as discussed in the text.membrane [53]. Thus while the function of this population of ER-plasma
membraneMCSs appears to be speciﬁc to sterol transfer, without a role in
SOCE, they are tethered by Ca2+-sensitive proteins, with their formation
therefore, dependent on cytosolic Ca2+. As such, an interesting interplay
is emerging between the role of MCS formation in the maintenance of
Ca2+ homeostasis and the importance of Ca2+ homeostasis in the forma-
tion of MCSs that function both in Ca2+-related (SOCE) and non-Ca2+-
related (lipid transfer) events.
3. ER-mitochondria MCSs
ER-mitochondria MCSs, or mitochondria-associated membranes
(MAMs) were ﬁrst identiﬁed in 1959 [8] and have since been attributed
a major role in Ca2+ signaling. MAMs facilitate uptake of ER-released
Ca2+ bymitochondria providing an importantmeans of both tempering
cytosolic Ca2+ rises and regulating Ca2+-dependent energy supply by
mitochondria [4,5]. These MCSs provide platforms for the cytosolic
glucose-regulated protein 75 (GRP75)-mediated interaction of the volt-
age dependent anion channel (VDAC1) on the outer mitochondrial
membrane with the ER Ca2+-release channel, inositol triphosphate
receptor (IP3R) [58]. This interaction does not appear to drive the for-
mation of ER-mitochondria MCSs, since MAMs are not affected by the
loss of IP3R. Mitofusin 2 (Mfn2) however, was found to be required
for both MCS formation and mitochondrial Ca2+ uptake [11]. Mfn2 is
a dynamin-like protein with a known role inmitochondrial fusion. It lo-
calizes both to the OMM and to the ER. Homotypic interaction of these
two Mfn2 populations as well as heterotypic interactions between ER
Mfn2- and mitochondrial Mfn1 are thought to mediate tethering at
MAMs. Interestingly, mutations in Mfn2 that underlie the neurodegen-
erative disorder Charcot–Marie–Tooth type IIa were also reported to
affect ER-mitochondria tethering. However, the role of Mfn2 in MAM
formation has since been contested based on EM analysis of ER-
mitochondria MCSs in Mfn2 knockout cells which were found to be in-
creased comparedwith those in control cells [9]. This apparent discrep-
ancy likely reﬂects the different techniques employed in the twomitochondria or endosomes/lysosomes all have roles in Ca2+ signaling. Complexes impli-
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vantages over light microscopy in the accurate identiﬁcation of MCSs,
where apposing membranes are b30 nm apart. Thus, while Mfn2
interactions are required for the transfer of ER-released Ca2+ to mito-
chondria at MAMs, they may not to be required for the formation of
ER-mitochondria contact sites. More recently thymocyte-expressed
positive selection-associated gene 1 (Tespa 1) was reported to localize
to MAMs and to participate in ER-mitochondria Ca2+ ﬂux [33].
The ER-localized VAMP-associated proteins, VAPA and VAPB, have
been implicated in ER contacts withmultiple organelles. The interaction
of VAPB on the ER with mitochondrial protein tyrosine phosphatase-
interacting protein-51 (PTPIP51) was found to promote ER-
mitochondria MCSs and Ca2+ exchange, with depletion of either
protein resulting in impaired uptake of ER-released Ca2+ by the mito-
chondria [12]. Moreover, a VAPB mutation associated with the adult-
onset neurodegenerative disorder, amyotrophic lateral sclerosis (ALS),
results in increased VAPB interaction with PTPIP51 and therefore enrich-
ment at MAMs, mitochondrial clustering and increased mitochondrial
Ca2+ concentrations takes place. Conversely, VAPB depletion reduced
Ca2+ uptake by the mitochondria and increased cytosolic Ca2+ signals.
TheVAPB-PTPIP51 interaction and role inMAMswas recently corroborat-
ed and additionally found to be disrupted by expression of transactive re-
sponse DNA binding protein-43 kDa (TDP-43), also associated with ALS,
as well as front-temporal dementia (FTD). The inhibitory effect of TDP-
43 on VAPB-PTPIP51 interaction was found to be mediated by glycogen
synthase kinase-3β (GSK-3β), a kinase also implicated in both ALS and
FTD [56]. ER-mitochondria MCSs have been identiﬁed as sites of
autophagosome formation [23] and defects in autophagy are also associ-
atedwith ALS and FTD involving TDP-43 [7]. Thus, ER-mitochondriaMCSs
are increasingly associatedwith neurodegenerative diseases, likely due to
their role in Ca2+ signaling and mitochondrial ATP production [22]. ER-
mitochondria tethering components discussed above are summarized in
Fig. 1.
4. ER-endocytic pathway MCSs
The endocytic pathway has recently emerged as a signiﬁcant intra-
cellular Ca2+ store, with late endosome/lysosome Ca2+ concentrations
(~500 μM) comparablewith that of the ER [32]. The importance of Ca2+
signals in endosome–lysosome fusion events has been demonstrated
[50], likely through mucolipin endosomal ion channels [31,44]. The
Ca2+ mobilizing messenger nicotinic acid adenine dinucleotide phos-
phate (NAADP) is thought to generate localized Ca2+ signals that derive
from the endocytic pathway and are ampliﬁed by ER channels to gener-
ate global Ca2+ signals likely through two-pore channels [25]. Consis-
tent with ER-mediated ampliﬁcation of lysosomal Ca2+ signals, it was
recently shown that direct release of lysosomal Ca2+ stores by osmotic
permeabilisation is sufﬁcient to initiate subsequent IP3 receptor-
dependent cytosolic Ca2+ spikes [27]. Moreover, the reverse was also
found to apply; inducing ER Ca2+ release triggered alkanisation of acidic
stores, consistentwith lysosomal Ca2+ release [36]. The ER forms exten-
sive MCSs with lysosomes; 80–100% of lysosomes have been estimated
to have an ER MCS [18,27]. It therefore seems likely that ER-lysosome
Ca2+ cross-talk occurs at these MCSs. Mathematical modeling supports
this concept. Simulation of Ca2+ ﬂuxes at ER-lysosome MCSs in ﬁbro-
blasts [45] and SR-lysosome MCSs in pulmonary artery smooth muscle
cells [17] predict that lysosomal Ca2+ release is sufﬁcient to trigger
Ca2+ induced Ca2+ release from the ER/SR. It is also probable that
ER MCSs with the endocytic pathway might function in the generation/
ampliﬁcation of the localized Ca2+ signals required for endosome–
lysosome fusion.
As shown in Fig. 1, while themolecular composition of ER-endocytic
pathway MCSs is not well deﬁned, several interactions between ER and
endosomal proteins have been reported and implicated in MCS forma-
tion. A cholesterol-sensitive interaction was demonstrated between
VAPA on the ER and the FFAT motif (diphenylalanine [FF] in an acidictract) of the late endosomal oxysterol-binding protein-related protein,
ORP1L that promotesMCS formation under conditions of low cholester-
ol [52]. Similarly, overexpression of another endosomal FFAT-motif-
containing sterol binding protein, STARD3 also increases ER-endosome
MCSs [2]. In addition, the ER-localized oxysterol binding protein ORP5,
has been shown to interact with two endosomal proteins, the endosomal
sorting complex required for transport (ESCRT)-0 component Hrs [48]
and the Niemann–Pick type C protein, NPC1 [13]. This is presumably at
ER-endosome/lysosome MCSs, although no role for these interactions
in MCS formation has been demonstrated thus far. NPC1-deﬁcient cells
are characterized by an accumulation of intracellular cholesterol and
sphingolipids [47], a phenotype that can be mimicked by chelation of
acidic organelle (endosomes/lysosomes) Ca2+. Moreover, acidic organ-
elle Ca2+ is reduced in NPC1-deﬁcient cells and increasing cytosolic
Ca2+ with thapsigargin corrects the cholesterol defect in NPC1-deﬁcient
cells [32]. Since the generation of localized Ca2+ signals has been impli-
cated in the formation of other ER MCSs and functional coupling of ER
and acidic organelle Ca2+ release has been demonstrated, localized
Ca2+ release/ampliﬁcation at ER-acidic organelle MCSs might promote
recruitment of tethering proteins for the formation of these MCSs.
ORP1L is recruited to endosomes by Rab7, a marker of mature (late)
endosomes/lysosomes. MCSs have also been identiﬁed with immature
endosomes rapidly after stimulation with EGF. These ER-early endosome
MCSs provide sites of interaction of the ER-localized protein tyrosine
phosphatase, PTP1B, with internalized EGF receptor (EGFR) [15]. Similar-
ly, interaction between the ER-resident antioxidant peroxiredoxin 4
(Prdx4) and internalized granulocyte colony-stimulating factor receptor
(G-CSFR) on early endosomes has also been demonstrated [40]. The au-
thors suggested that this interaction could involve retrotranslocation of
Prdx4, a luminal ER protein [59], into the cytoplasm, as has been shown
for calreticulin [1], likely remaining anchored to the ER at MCSs by inter-
action with its lipid bilayer. The authors also propose that attenuation of
G-CSFR signaling is achieved by mutual activation of Prdx4 and PTP1B,
with the redox activity of Prdx4 dampening reactive oxygen species
(ROS), thereby maintaining PTP1B activity which in turn results in
Prdx4 tyrosine dephosphorylation and activation. PTP1B activity also ac-
celerates EGFRdephosphorylation andwas additionally found to promote
the formation of intraluminal vesicles (ILVs) within the endosome, possi-
bly through dephosphorylation of components of the ESCRT machinery
[15,57]. These combined effects mediate downregulation of EGFR kinase
activity. EGF stimulation results in increased ER-endosome MCSs forma-
tion [15]. Thus ER-endosome MCSs play an important role in attenuation
of signaling pathways. Interestingly, EGF stimulation triggers a spike in
cytosolic Ca2+ [20,41]. This coupled with the observation that MCSs are
increased in EGF-stimulated cells [15], suggests a possible role for Ca2+
in the formation of these ER-early endosomeMCSs, likely through the re-
cruitment of as yet unidentiﬁed Ca2+-sensitive tethering proteins. For ex-
ample Ca2+ release from the ER might mediate interactions between
Ca2+-sensitive proteins at the ER and endosome. This could occur at
pre-existing microdomains between the two organelles, stabilizing and
extending the MCSs across which PTP1B–EGFR interaction occurs, or al-
ternatively could be the trigger that initiates MCS formation.
As discussed, the regulation and function of MCSs between the ER
and the endocytic pathway are implicated in signaling downregulation,
cholesterol transport and fusion events within the endocytic pathway.
Thus, while the interplay between Ca2+ signaling and the formation
and function of these MCSs remains largely unexplored, it represents
an important and exciting area of research.
5. Microscopy-based MCS analysis
The study of MCSs is technically demanding, since apposing mem-
branes are b30 nm apart and therefore beyond the resolution that can
currently be achieved by light microscopy. This, coupled with the limit-
ed knowledge of critical MCS regulators, has hampered functional
analyzes in the past. However, continued advances in microscopy
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tinued identiﬁcation of tethering complex components, have set the
scene for a rapidly developing ﬁeld.
Currently, electron microscopy (EM) remains the only methodology
that enables accurate visualization and quantitation of MCSs. The ability
to additionally label speciﬁc tethering proteins with antibodies visual-
ized by gold particles [54], makes EM an immensely powerful technique
in the study of MCSs. However, using standard EM techniques, imaging
random ultrathin (70 nm) sections through cells could result in a con-
tact site that is present in the focal plane of one 70 nm section being
missed in another. Serial sectioning circumvents this problem but is im-
practical for MCS quantitation. 3D-EM techniques have recently been
developed that progressively remove an ultrathin layer of the specimen
with a focused ion beam [38] or by automated serial sectioning with an
ultramicrotome. The newly exposed blockface is imaged by scanning-
EM (SEM) between each section and a 3D reconstruction can be made
with nanometer resolution (Fig. 2). Another, more widely used 3D-EM
technique that has also been applied to the study of MCSs [2,18] is elec-
tron tomography, which involves sequential tilting of the specimen
around a single axis to generate a series of projections from which 3D
reconstructions can be made. More recently electron tomography has
been adapted to cryo-soft X-ray tomography (cryo-SXT), which uses
rapid specimen freezing to remove the possibility of ultrastructural arti-
facts as a consequence of chemical ﬁxation [14]. Thus although still in its
infancy, 3D-EM is emerging as an exciting new technology that could
allow unparalleled insights in the study of MCS biology, enabling 3D re-
construction of the ER network to build a global picture of MCSs
throughout the cell. 3D-EM has, therefore, the potential to offer unique
information on the number, size and spatial distribution of ER contact
sites throughout the cell.
While EMdelivers very high resolutionwithout the need for ﬂuores-
cent labeling of proteins to study MCSs, light microscopy offers power-
ful tools for live-cell imaging of Ca2+, which can be coupled with
organelle-targeted ﬂuorescent proteins [66] to provide insight into
Ca2+ signaling at MCSs. Co-localization of ﬂuorescent markers has
been used, in addition to 3D electron tomography, to examine sites of
mitochondrial division at ER-mitochondria MCSs [19]. Fluorescent





Fig. 2. 3D electronmicroscopy ofmembrane contact site.Hela cells prepared for EMwere serial se
shown in the center. Examples of highermagniﬁcation single EM images from the boxed regions
plasma membrane (ER-PM), mitochondria (MAM), lysosome (ER-Lys) or endosome (ER-End)
depicted in purple, mitochondria in green and the endocytic pathway in blue. Overlays are shoto evaluate ERMCSs with the plasmamembrane [62] andmitochondria
[10], and Ca2+ transfer at these sites. Total internal reﬂectionmicroscopy
(TIRF) can also enable high resolution imaging of ER-plasma membrane
MCSs [67].Moreover, recent advances in super-resolutionmicroscopy, in-
cluding the development of novel ﬂuorophores for live cell imaging [60]
could enable accurate ﬂuorescence-based studies of MCSs, at nanometer
resolution, in the near future.
Both electron and light microscopy techniques offer different and
often complimentary means of viewing MCSs. These techniques can
be used in conjunction in correlative light and electron microscopy
(CLEM), where ﬂuorescence imaged by light microscopy is correlated to
EM images of the same cell, thereby combining the advantages of both
techniques. The formation of autophagosomes at ER-mitochondria MCSs
was recently demonstrated in a study that took advantage of this tech-
nique [23]. CLEM has also been applied to high pressure freezing EM
methods [63] and cryo-electron tomography [47], to avoid possible ﬁxa-
tion artifacts sometimes associated with conventional EM, thereby com-
bining ﬂuorescent labeling with optimal ultrastructural preservation for
EM.
6. Conclusions and perspectives
A substantial body of evidence has conﬁrmed the importance of ER-
plasma membrane contact sites in SOCE and that this process is itself
Ca2+-regulated in an elegant form of homeostatic feedback. The impor-
tance of ER-mitochondria MCSs in Ca2+ exchange is also now evident,
although a role for Ca2+ in promoting MAM formation has not been
demonstrated. The role of ER-endosome/lysosomeMCSs in Ca2+ signal-
ing is still unfolding. That both the ER and the endocytic pathway house
signiﬁcant intracellular Ca2+ stores, release of which can be coupled in
both directions, likely across MCSs, suggests a signiﬁcant role for these
MCSs in generating localized Ca2+ signals, such as are necessary for nor-
mal endosome/lysosome fusion events.
An interesting parallel between Ca2+ signaling and lipid transport at
ER MCSs is emerging. The Ca2+-dependent role of E-Syts in the forma-
tion of MCSs between the ER and the plasma membrane, coupled with
the proposed role for E-Syts in lipid transfer at these sites, suggests a
function for localized Ca2+ signals in establishing sites of lipid transfer.MAM
ER-
End
ctioned and imaged using a Gatan 3-View 3D-SEM system. A single image of a whole cell is
are shown in the upper panels, with arrows indicating an example of an ERMCSswith the
. 3D reconstructions from a 10 image series are shown in the middle panels, with the ER
wn in the lower panels.
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established but MAMs have more recently been implicated in phospho-
lipid transfer (reviewed in [29,61]), with transfer of phosphatidylserine
(PS) from the ER to themitochondria atMCSs recently demonstrated in
yeast [28]. Finally, the role of oxysterol binding proteins in the forma-
tion of ER MCSs with the endocytic pathway suggests a role for these
contacts in sterol transfer. Furthermore, that the endocytic cholesterol
accumulation phenotype in NPC1 cells is accompanied by reduced acid-
ic organelle Ca2+, can be reproduced by acidic organelle Ca2+ chelation,
or corrected by release of ER Ca2+ stores, indicates a functional depen-
dency between Ca2+ and lipid exchange at these MCSs. A likely expla-
nation is that the cholesterol accumulation represents a trafﬁcking
defect due to impaired endosome/lysosome fusion resulting from loss
of acidic organelle Ca2+ in NPC1 cells. In an alternativemodel, however,
the reduced acidic organelle Ca2+ in NPC1 cells is insufﬁcient to trigger
ampliﬁcation by ER stores at ER-endosome microdomains, with a con-
sequent loss not only of normal fusion events, but also of recruitment
of Ca2+-sensitive tethering proteins, expansion of MCSs that can func-
tion as sites of cholesterol transport to the ER for esteriﬁcation. The
exact nature of the role Ca2+ in MCS formation and lipid transport
remains to be elucidated. However, the recent explosion of interest in
this rapidly evolving ﬁeld, together with advances in microscopy tech-
niques should accelerate our understanding of the architecture and
molecular composition of MCSs and the relationship between Ca2+ sig-
naling and MCS formation and function.
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